First, we briefly describe an experimental lithotriptor being used at three sites in a coordinated program to study the mechanisms of injury to the kidney and kidney stone comminution in ESWL. Second, we review fundamental concepts applicable to the modeling of stone comminution by crushing in the compressive stresses of ESWL shock waves. We point out that the same methods may be applicable to the initiation of injury in kidney tissue, in view of the similarities between the structural heterogeneities of calculi and tissue.
The shock wave generator consists of an ellipsoid machined from brass, which has the shape and tilt of an unmodified Dornier HM-3 lithotriptor; major axis = 13.8 cm, minor axis -7.75 cm and truncated by 15 mm. Shocks are generated -by refurbished HM3 spark plugs powered by a 24kV pulsed (23 joules/pulse) switching power supply which provides a 500 watt charging rate to the 80 nf storage capacitor. The circuit inductance and resistance with the spark gap immersed in water are 72 nH, 0.215 Q. The discharge current oscillates at 2 MHz and decays in 4 cycles (2ps). The peak positive pressure of the shock is typically 30 MPa, the peak negative pressure is 5 MPa, the rise time measured with a 25~m thick PVDF hydrophore is 50 ns, the pulse width is 1 ps in the positive phme and 4ps negative phase. The bottom of the water tank is tilted at 14.3°and is typically rectangular of dimensions 2 x 2.5 x 2/1.5 ft., made variously of polyethylene, Plexiglas or aluminum. A computercontrolled traverse system for positioning test specimens and instruments is provided by an XYZ slide (1 ft x 1 ft x 1.25 ft) with 2.5 pm resolution. The structure supporting the positioning system, water tank and ellipsoid is a one-piece welded system for accuracy in aligning the ellipsoid axis with the XYZ slide axes. Various alignment systems have been instailed, including a two-beam laser system with beams crossed at F2.
MODELS OF STONE COMMINUTION
Kidney stones are brittle composite materials, containing weak spots and pores (flaws). They are composed of crystals cement- ed together by thin layers of a mutinous organic matrix which has a fibrous structure and affects the strength characteristics of the stones. The mechanism by which calculi fail in compression tests is the same aS in rock, ceramics, and cement, materials known = brittle composites, but the mechanisms by which they fracture in ESWL are unknown. Knowledge of the micro mechanics of kidney stone failure under shock loading is essential to the design of more effective and safer lithotripters. The fact that it takes several shock waves to initiate fragmentation of kidney stones, and that it requires 1000-3000 shocks to generate more and smaller fragments until an acceptable distribution of sizes is achieved, shows that disintegration of stones occl]rs by the progressive initiation of cracks and their stepwise extension through the material.
Deformation of brittle composites under tension or compression occurs by a 'softening' process, in which microscopic flaws grow, causing the material to loose its cohesiveness (strength). When adjacent nlicrocracks coalesce the material fragments. Shock-induced damage to calculi can be analyzed by treating the loss of cohesion that develops during each pressure pulse. Fig. 2 shows a simplified case in which the applied stress is in the vertical direction and there exists a preexisting horizontal macrocrack.
The flawed ma--_ _ _ terial is represented by a planar array of microcracks which are initially closed and are assumed~L *l=T$:_ to all be of width a. and equally spaced 1 apart.
----
In the region where the microcracks enlarge, the 1 1 1 1 1 material looses its 'cohesiveness'
and 'softens'. The cohesive zone model of Ortiz(l) utilizes classical solutions in el~-4 ticity for the simplified configuration, and homogenizes the material~fr -with microcracks to obtain an effective stiffness and stress intensity factor for the weakened material. The result is a stress-strain curve (Fig.  3) which exhibits elmtic behavior until the microcracks become "at-t ive," i.e., when their length departs from the initial length a. and the width d of the cohesive zone reaches a value 60 given by the theory. Thereupon the the material begins to soften and the stress decreases with increasing strain, m shown in Fig.3 . Finally, a critical condition d = 6,, is reached, very close to coalescence (a = 1), at which no further __ ----deformation is possible. The model depends on the elastic modulus, the 6 6 Pois~on's ratio and the toughness of the unflawed solid material, and on FIGURE~, The model of Camacho & Ortiz(2) treats the effects of dynamic loading on materials with degraded cohesion, m described above. For example, the impingement of a normally-incident plane tensile acoustic wave of amplitude Oin greater than the static failure stress Ufr (see Fig. 3 ) on the cohesive zone ("span plane" ) is treated w a classic lD wave interaction problem, except that in the continuity condition for velocities at the plane account is taken of the rate of opening~of the microcracks. Thus, 6 is an additional unknown in the wave interaction problem. The equation required for problem closure is provided by a simplified form of the u-d relation of Fig. 3 .
